ABSTRACT Bi 1.6 Pb 0.4 Ba 2 Co 2 O y /3 wt% Ag composites have been textured using the laser floating zone technique. Microstructural observations have shown the formation of relatively high amounts of secondary phases and cracks along the plate-like grains in the as-grown materials. In spite of these microstructural features, electrical properties have not been drastically decreased. Annealing of these asgrown rods has enhanced the grains connectivity, decreased the contents of the secondary phases, and healed the cracks, thereby increasing their electrical performances. It has been deduced that oxygen content in the thermoelectric phase has not been significantly modified through annealing, as demonstrated by the very similar Seebeck values at room temperature in the as-grown and annealed samples. As a consequence of the low electrical resistivity values in the annealed materials, they reached higher power factor values than the as-grown ones. The highest power factor at room temperature is in the range of those reported for single crystals, while at 650°C, it is the highest reported in Bi-BaCo-O polycrystalline family so far.
Introduction
Thermoelectric (TE) power generation is a promising technology to harvest wasted heat from different energy-transforming systems. As a consequence, it can raise the efficiency of these systems, by reducing CO 2 emissions and fighting against global warming. For these practical applications, it is necessary to produce high efficiency TE materials, quantified using the dimensionless Figure- of-Merit, ZT (=TS 2 /qj, where S, T, q, and j are the Seebeck coefficient, the absolute temperature, the electrical resistivity, and the thermal conductivity, respectively) [1] . Nowadays, high ZT intermetallic materials [2, 3] are applied in various sectors, e.g., automobile industry, even if these materials show several drawbacks, such as their low thermal stability which can produce their degradation at high temperatures. In 1997, the discovery of high TE performances in Na x CoO 2 ceramic [4] induced great research efforts focused on CoO-based materials. [5] [6] [7] [8] .
Detailed structural studies of these materials have shown that the crystalline structure can be described using a monoclinic structure composed, in turn, of two different layers alternatively stacked. These two layers are a conductive CdI 2 -type CoO 2 with a twodimensional triangular lattice, and an insulating rock salt (RS)-type block one. The two sublattices possess common a-and c-axis lattice parameters and b angles but different b-axis lengths, producing a misfit along the b-direction [9] . This structural anisotropy is reflected in a high electrical one, which makes necessary the alignment of the plate-like grains when looking for bulk properties close to those obtained on single crystals. Many processing methods have demonstrated their suitability to produce good grain orientation in different ceramic oxides. Among all these successful techniques, it is worthy to mention the spark plasma sintering [10] , template grain growth [11] , directional growth from the melt [12] , or the electrically assisted laser floating zone method (EALFZ) [13] . The materials produced through these techniques possess well-oriented grains, reflected in the decrease of electrical resistivity when measured along the texturing direction (parallel to the ab plane of grains). On the other hand, it has been found that Pb doping in melt-textured Bi-AE-Co-O system (AE: Alkaline earth) leads to a reduction of electrical resistivity due to the increase of the Co oxidation state in the conducting layer by increasing the carrier concentration [14, 15] . Moreover, it has been reported that metallic Ag addition enhances electrical grains' connectivity, decreasing electrical resistivity, without modifying the thermoelectric phase composition [16] [17] [18] .
Taking into account the effects produced by texturing, Pb doping and Ag addition in the CoO-based materials, the aim of the present work is studying the evolution of microstructure and the TE performances of optimally Pb doped [15] Bi 2 Ba 2 Co 2 O y ceramics with the adequate Ag addition [19] when they are melt-grown at relatively high rates. Moreover, as is well known, these materials show incongruent melting leading to a mixture of different phases after solidification [20] . As a consequence, some of the samples will be annealed in order to decrease the amount of secondary phases, and their microstructural and electrical properties will be compared with the ones obtained in the as-grown samples, used as reference.
Experimental procedure Bi 1.6 Pb 0.4 Ba 2 Co 2 O y ? 3 wt% Ag polycrystalline ceramics were prepared using the sol-gel route via nitrates due to the inherent advantages of this method [21] . Commercial Bi(NO 3 ) 3 Á5H 2 O (C98%, Aldrich), PbO (Aldrich, 99%), BaCO 3 (Panreac, 99?%), Co(NO 3 ) 2 Á6H 2 O (98%, Panreac), and metallic Ag (99%, Aldrich) powders were used as starting materials. They were weighed in the appropriate proportions and dissolved in a mixture of distilled water and concentrated HNO 3 (analysis grade, Panreac). Citric acid (99.5%, Panreac) and ethylene glycol (99%, Panreac) were added to the pink solution in the adequate proportions. Heating at 110°C on a hot plate has been performed to evaporate the solvent until the formation of a dry light pink gel [21] . Further heating at 350°C produces the gel decomposition through a self-combustion process, leading to very fine and soft brownish powders. These remaining powders were hand-ground and thermally treated twice, under air, at temperatures of 700 and 750°C for about 12 h with an intermediate handmilling process to decompose the barium carbonate. The resulting black powders were then hand-milled, introduced into a latex rubber tube (inner diameter *3 mm), and isostatically cold pressed at 200 MPa for one minute to obtain green ceramic cylinders (*100 mm long). These cylinders were subsequently used as feed in a laser floating zone (LFZ) device equipped with a continuous power Nd:YAG laser (k = 1.06 lm) described elsewhere [22] . All the samples were processed at 30 mm/h under air, with a seed rotation of 3 rpm anticlockwise, while the feed was rotated at 15 rpm, in the opposite direction, in order to assure the compositional homogeneity inside the molten zone. After the texturing process, long (*100 mm) and geometrically homogeneous (*2 mm diameter) textured cylindrical rods have been produced. Finally, these bars were cut into pieces with the adequate dimensions for their TE characterization (*15-mm-long pieces). Some of these samples were kept in the as-grown state to be used as reference, while some others were annealed under air at 750°C for 24 h, at a 3°C/min heating rate, followed by a final furnace cooling.
Structural characterization has been performed through powder XRD using a using a Rigaku D/max-B X-ray powder diffractometer (Cu Ka radiation) with 2h ranging between 10°and 70°. Microstructural evolution has been observed using a field emission scanning electron microscope (FESEM, Carl Zeiss Merlin) equipped with an energy X-ray dispersive spectroscopy (EDS) system. Longitudinal polished sections of the as-grown and the annealed textured samples have been observed using backscattered electrons to evaluate the phases composition. Electrical resistivity and Seebeck coefficient have been simultaneously determined by the standard dc four-probe technique in a LSR3 measurement system (Linseis GmbH) under He atmosphere, in the steady-state mode, at temperatures ranging from 50 to 650°C. Samples performances have been determined through the power factor (PF = S 2 /q), calculated from the previously measured electrical resistivity and Seebeck coefficient data.
Results and discussion
Powder XRD data of the as-grown and annealed Bi [23, 24] . Moreover, the small peaks appearing at around 30°and 38°have been associated to a Bi(Pb)-Co-O solid solution with P4 mm space group [25] and metallic Ag, respectively [26] . In spite of the typical incongruent melting of these materials, no clear differences between as-grown and annealed samples can be observed. This fact is due to modifications in the solidification conditions induced by Pb, which promotes the thermoelectric phase formation at higher rates than in Pb-free samples, as observed in related systems prepared through the same technique [14, 27] . As a consequence, from these XRD results, it seems that the annealing procedure has not produced drastic modifications in the proportions of the phases in these samples. In addition, it can be deduced that Ag has not reacted with the Bi 1.6 Pb 0.4 Ba 2 Co 2 O y ceramic in the as-grown or annealed samples [21] .
The microstructural features observed in the asgrown and the annealed Bi 1.6 Pb 0.4 Ba 2 Co 2 O y ? 3 wt% Ag-textured materials are illustrated in Fig. 2 . In the micrographs, four contrasts can be easily identified in both types of samples. EDS analysis has assigned each contrast to a different phase. Gray contrast (#1) corresponds to the Bi 1.6 Pb 0.4 Ba 2 Co 2 O y phase, appearing as the major one in agreement with the XRD data. Dark and light gray ones (#2, and #3, respectively), have been associated to Bi 5 Co 5 O 14 , and Bi 1.6 Pb 0.4 BaO 3 secondary phases, respectively, while #4 (gray contrast) is metallic Ag which can be only identified by its shape. As can be observed when comparing both micrographs in the figure, annealing procedure decreases the amount of secondary phases and the cracks appearing between grains of different compositions. This effect is due to the diffusion of the cations promoted by the relatively high temperature reached in the annealing procedure, leading to the equilibrium phase formation and the associated grain growth which helps to heal the cracks.
The electrical resistivity of the as-grown and annealed Bi 1.6 Pb 0.4 Ba 2 Co 2 O y ? 3 wt% Ag-textured materials as a function of temperature is shown in Fig. 3 . In the graph, it can be seen that both samples possess the same trend in the whole measured temperature range. They exhibit metallic-like behavior (dq/dT \ 0) between room temperature and 200°C, and semiconducting-like one (dq/dT [ 0) at higher temperatures. Moreover, the electrical resistivity values are clearly decreased after the annealing procedure, in agreement with the SEM observations and the previously reported data which showed that LFZ procedure leads to materials with very high amount of oxygen vacancies [12] which could be at least partially filled during annealing [20] . The decrease of oxygen vacancies increases the carrier concentration, while the microstructural modifications improve the electrical grains' connectivity. Both factors would contribute to lower electrical resistivity values than those obtained in the as-grown materials. In any case, it is important to highlight that the lowest resistivity value obtained for the annealed samples at room temperature, * 5.8 mX cm, is much lower than the best reported for sintered Bi 2 Ba 2 Co 2 O d materials (pure or Ag-doped), typically between 550 and 21 mX cm [23, [28] [29] [30] . Moreover, it is also lower than the best reported values in the textured Bi 2 Ba 2 Co 2 O d materials, between 10 and 250 mX cm [8, 12, 15, 31] , and very close to the values reported in single crystals (4 mX cm) measured along the ab plane [32, 33] . When considering the high-temperature values (650°C), the minimum has been measured in the annealed samples (5.9 mX cm), which is much lower than the ones found in the sintered and textured Bi 2 Ba 2 Co 2 O d materials (33 [28, 30] , and 8.5-50 mX cm [8, 12, 15] , respectively).
The Seebeck coefficient variation of the as-grown and annealed Bi 1.6 Pb 0.4 Ba 2 Co 2 O y ? 3 wt% Ag textured materials, as a function of temperature, is displayed in Fig. 4 . At a first sight, it can be clearly seen that the Seebeck coefficient values are positive in the whole measured temperature range, indicating a conduction mechanism predominantly governed by holes. Moreover, S values increase when temperature is raised which can be associated with a metal or degenerated semiconductor' typical behavior when the variations of carrier concentration, effective mass, and Fermi level with temperature are negligible. At room temperature, both types of samples possess the same S values (112 lV/K), clearly indicating that oxygen diffusion has been negligible during the annealing procedure, due to the high density of samples, and relatively short time. This fact is confirming that the decrease in the electrical resistivity after annealing is only due to the improvement in the microstructure, and no changes on the carrier concentration have been produced, when taking into account Koshibae's expression [34] . These maximum S values at room temperature are higher than those obtained in the sintered materials (between 80 and 100 lV/K) [23, [28] [29] [30] , Ag-doped samples (105 lV/K) [29] , and comparable to the reported in single crystals (95-110 lV/K) [32, 33] . On the other hand, they are lower than the measured in textured materials (115-145 lV/K) [8, 12, 15, 31] . When comparing the high-temperature values, the as-grown samples possess around 10% higher S values at 650°C than the annealed ones. The maximum value at this temperature (177 lV/K) is higher than that reported for the sintered materials (105-120 lV/K) [28, 30, 35] , and are around the determined values in textured materials (145-185 lV/K) [8, 12, 15] .
Thermoelectric performances of both kinds of samples were evaluated through their power factors presented, as a function of temperature, in Fig. 5 . In the graph, it can be easily observed that the as-grown and the annealed samples follow a parallel trend with temperature. PF values are higher for the annealed samples in the whole measured temperature range, mainly due to the decrease of electrical resistivity. Furthermore, PF is nearly linearly increased when the temperature is increased in both types of samples. [8, 12, 15] . These very high PF values can be explained taking into account the good grain alignment, high density, low amount of secondary phases and cracks, and good electrical connectivity of grains in these bulk materials.
The maximum PF value obtained in this work is the highest one reported in the Bi-Ba-Co-O family in polycrystalline bulk materials so far to the best of our knowledge, making the annealed Bi 1.6 Pb 0.4 Ba 2 Co 2 O y ? 3 wt% Ag-textured materials very good candidates of promise to be applied in practical thermoelectric devices.
Conclusions
This work demonstrates that Bi 1.6 Pb 0.4 Ba 2 Co 2 O y ? 3 wt% Ag materials can be successfully textured using the LFZ technique. In spite of their relatively high amounts of secondary phases and cracks, the asgrown materials possess high thermoelectric performances. Annealing has been found to be very useful to increase the amount of thermoelectric phase and for healing the cracks, promoting an enhancement of the electrical grains' connectivity. These modifications are reflected in the drastic decrease of electrical resistivity, compared with those measured in the asgrown materials. Oxygen diffusion has been discarded as one of the factors decreasing the electrical resistivity due to the very similar room-temperature Seebeck coefficient, in agreement with Koshibae's model. The highest power factor values at room temperature are around the reported ones for single crystals, while at 650°C, they are the highest reported values in the Bi-Ba-Co-O family, to the best of our knowledge, bringing these materials closer to their practical applications.
